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High  concentrations  of  2,4-dinitrotoluene  (2,4-DNT)  and 
2,6-dinitrotoluene  (2,6-DNT)  are  present  in  vadose  zone  soils 
at  many  facilities  where  explosives  manufacturing  has 
taken  place.  Both  DNT  isomers  can  be  biodegraded  under 
aerobic  conditions,  but  rates  of  intrinsic  biodegradation 
observed  in  vadose  zone  soils  are  not  appreciable.  Studies 
presented  herein  demonstrate  that  nutrient  limitations 
control  the  onset  of  rapid  2,4-DNT  biodegradation  in  such 
soils.  In  column  studies  conducted  at  field  capacity, 
high  levels  of  2,4-DNT  biodegradation  were  rapidly  stimulated 
by  the  addition  of  a  complete  mineral  medium  but  not  by 
bicarbonate-buffered  distilled  deionized  water  or  by 
phosphate-amended  tap  water.  Biodegradation  of  2,6-DNT 
was  not  observed  under  any  conditions.  M  icrocosm 
studies  using  a  DNT-degrading  culture  from  column  effluent 
suggest  that,  after  the  onset  of  2,4-DNT  degradation, 
nitrite  evolution  will  eventually  control  the  extent  of 
degradation  achieved  by  two  mechanisms.  First,  high 
levels  of  nitrite  (40  mM  )  were  found  to  strongly  inhibit  2,4- 
DNT  degradation.  Second,  nitrite  production  reduces  the 
solution  pH,  and  at  pH  levels  below  6.0,  2,4-DNT  degradation 
slows  rapidly.  Under  conditions  evaluated  in  laboratory- 
scale  studies,  2,4-DNT  biodegradation  enhanced  the  rate  of 
contaminant  loss  from  the  vadose  zone  by  a  factor  of  10 
when  compared  to  the  washout  due  to  leaching. 


Introduction 

Dinitrotoluenes  (DNT)  are  formed  in  the  second  step  of 
toluene  nitration  during  2,4,6-trinitrotoluene  (TNT)  synthesis. 
In  particular, two  DNTisomers[2,4-dinitrotoluene(2,4-DNT) 
and  2,6-dinitrotoluene  (2,6-DNT)]  are  formed  at  yields  of 
76%  and  19%,  respectively  (a  small  percentage  of  other 
isomers  are  produced)  (1).  Poor  handling  and  disposal 
practices  associated  with  theproduction  ofTNT  haveled  to 
substantial  DNT  contamination  problems  at  ammunition 
production  and  handling  facilities  worldwide  (2).  2,4-DNT 
and  2,6-DNT  are  both  I  isted  as  priority  pollutants  by  the  U.S. 
EPA,  thus  requiring  remediation  at  contaminated  sites. 
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Because  both  DNT  isomers  can  be  biodegraded  by  aerobic 
bacteria,  bioremediation  of  contaminated  media  has  been 
an  area  of  research  and  development  for  sometime.  Theuse 
of  various  ex-situ  processes  to  biodegrade  DNT  in  soil  and 
groundwater  has  been  reported  (3-9),  but  little  attention 
has  been  gi  ven  to  i  n -  si  tu  p rocesses  ( ei  th er  n  atu  ral  atten  u ati  o n 
or  accelerated  bioremediation)  despite  the  ability  of  specific 
bacteria  to  use  both  2,4-DNT  and  2,6-DNT  as  carbon,  energy, 
and  nitrogen  sources  (3, 10-15). 

During  aerobic  biodegradation,  DNT  depletion  and 
oxygen  consumption  arecoupled  with  nitriteevolution,  C02 
production,  and  biomass  growth  (10-12).  Daprato  et  al .  (16) 
describedthestoichiometryoftheoverall  process(eq  1)  using 
a  simple  empirical  formula  for  biomass  composition 
(C5H7O2N): 

C7H6N204  +  5.6102—  1.63N02~  +  1.63H+  + 

5.17C02  +  0.89H 20  +  0.37C5H7O2N  (1) 

On  the  basis  of  this  stoichiometry  and  observations  in 
laboratory  studies,  it  would  seem  asif  oxygen  and  appropriate 
microbes  would  be  sufficient  for  the  onset  of  DNT  degrada¬ 
tion.  Both  isomers,  however,  often  display  an  unexpectedly 
high  degree  of  recalcitrance  in  aerobic  environments.  This 
i  s  parti  cu  I  arly  true  i  n  contami  nated  vadose  zone  soi  I  s  where 
much  of  the  existing  DNT  contamination  resides. 

Theobserved  persistenceof  DNTisomersin  vadose  zone 
soi  I  s  rai  ses  q  u  esti  o  n  s  regard  i  n  g  th  e  factor(s)  th  at  I  i  m  i  t  n  atu  ra  I 
biodegradation  processes,  the  extent  to  which  natural 
bioattenuation  may  be  lowering  contaminant  levels,  and  the 
ab  i  I  i  ty  to  i  n  d  u  ce  acti  vi  ty  i  n  -  si  tu .  Wh  ereas  the  avai  I  abi  I  i  ty  of 
carbon  or  nitrogen  is  not  a  concern,  several  other  factors 
may  resu  1 1  i  n  th e  recal  ci  tran ce  n atu  re  of  D  N T  i  n  vad ose  zone 
soils.  Firstisthepotential  absenceof  DNT-degradingstrains; 
however,  we  have  been  ableto  culture  DNT  degraders  from 
all  historically  contaminated  sites  examined  to  date  (17). 
Second  is  the  potential  for  high  concentrations  of  DNT  to  be 
inhibitory  or  toxic  to  bacteria.  Previous  studies  in  ex-situ 
reactors  demonstrated  that  high  concentrations  of  2,4-DNT 
will  inhibit  2,6-DNT  degradation  but  not  2,4-DNT  degrada¬ 
tion.  Other  possible  factors  that  may  contribute  to  the 
recalcitrance  of  DNT  include  demands  for  phosphorus  (15, 
16,  18)  (or  other  essential  nutrients),  low  pH  from  nitrite 
production  during  DNT  biodegradation  (4, 15, 18),  and  the 
accumulation  of  inhibitory  nitrite  levels  when  the  replenish¬ 
ment  of  water  does  not  allow  for  significant  nitrite  dilution 
(17). 

In  thispaper,  we  present  the  results  of  a  laboratory-scale 
evaluation  of  factors  that  control  theaerobic  biodegradation 
of  DNT  in  a  simulated  vadose  zone.  Aged  vadose  zone  soi  Is 
containing  a  high  concentration  of  2,4-DNT  and  a  low 
concentration  of  2,6-DNT  were  obtained  from  Badger  Army 
Ammunition  Plant(BAAP)in  Baraboo,  Wl.  Initial  experiments 
were  conducted  in  column  systems  to  assess  the  factors 
required  to  initiate  rapid  biodegradation  of  DNT.  Additional 
column  studies  were  conducted  to  investigate  how  the 
operational  parameters  of  interest  in  vadose  zone  bioreme¬ 
diation,  including  aeration  frequency  and  water  recycling, 
wi  1 1  i  mpact  the  degrad  ati  on  activity.  A  seri  es  of  respi  rometer 
studies  were  conducted  usingcultures  obtained  from  column 
systems  to  further  investigate  the  factors  that  control  the 
extent  of  degradation  achievable  before  nitrite  accumulation, 
pH  drop,  or  nutrient  limitations  slow  degradation  activity. 
Results  from  these  studies  suggest  that,  at  field  capacity, 
nutrient  availability  is  the  controlling  factor  in  the  onset  of 
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TABLE  1.  BAAP  Soil  Characteristics 

parameter  value  method 


Physical  Parameters 


pH 

7.4 

sat  paste  moisture  (%) 

17.7 

moisture  (%) 

0.4 

SP  EC  (mQ/cm) 

2.0 

texture  (%) 

3.4.3. 51 

sand 

90.0 

silt 

8.0 

clay 

2.0 

soil  class 

sand 

bulkdensity 

1.99  g/cm3 

14-36 

moisture  retention  (0.33  bar) 

4.2% 

Plant  Available  Nutrients  (mg/kg) 

ammonia-N 

3.0 

350. 3C 

nitrate-N 

4.0 

353. 2C 

nitrite-N 

<1.0 

353. 2C 

o-phosphate 

30.0 

365. 4C 

copper 

2.1 

200. 7C 

iron 

8.1 

200. 7C 

manganese 

6.4 

200. 7C 

zinc 

2.8 

200. 7C 

molybdenum 

<0.05 

200. 7C 

8  EPA  600/4-79-020.  b  Blake,  G.  R.;  Hartage,  K.  H.  In  Methods  of  Soil 
Analysis  Part  1:  Physical  and  Mineralogical  Methods.  Klute,  A.,  Ed.; 
American  Society  of  Agronomy:  Madison,  Wl,  1986;  pp  363-375.  CEPA 
600/2-78-054. 


activity  and  that  the  extent  of  degradation  that  follows  will 
be  controlled  by  nitrite  accumulation. 

Materials  and  Methods 

Chemicals.  2,4-  Dinitrotoluene  (97%)  and  2,6-dinitrotoluene 
(98%)  were  obtained  from  Aldrich  (Milwaukee,  Wl).  The 
following  reagent  grade  chemicals  were  used  as  media 
constituents:  CaS04-5H20,  MgS04-7H20, FeS04-7H20,CaCI2- 
7H20,  NaCI,  ZnS04- 7H 20,  Na2M  o04-2H  20,  and  H 3B03 ( Fi sher 
Scientific,  J.  T.  Baker  Chemical  Co.,  and  Mallinckrodt  Inc.). 
All  reagent  grade  buffers  for  media,  KFI2P04,  K2HP04, 
N  aFH  C03,  and  N  a5P3Oi0  were  obtai  ned  from  F  i  sher  Sci  entifi  c. 

Soil  Preparation  and  Analysis.  Aged  DNT-laden  soil  was 
collected  previously  from  BAAP  (Baraboo,  Wl)  at  an  average 
boringdepth  of  30  ft  and  homogenized  asdescribed  by  Zhang 
et  al.  (15).  Initial  DNT  concentrations  in  the  soil  were 
determined  asdescribed  by  Zhang  etal.  (15).  Soil  contained 
8700  (±  420)  mg  of  2, 4- DNT  and  148  (±  14)  mg  of  2,6- DNT/ 
kg  of  soil  (dry  basis).  Thiscomposite  soil  wasused  for  all  soil 
column  experiments.  Additional  soil  anal ysiswas performed 
by  Soil  Analytical  Services  Inc.  (College  Station,  TX).  The 
analytical  methods  used  for  soil  characterization  and  cor¬ 
responding  results  are  reported  in  Table  1. 

Analytical  Methods.  DNT  analysis  was  performed  on  a 
Waters  Millennium  II  PIPLC  system  equipped  with  a  diode 
array  detector  with  compounds  quantified  atA230.  Initially, 
separation  was  achieved  atambienttemperaturewith  a  Nova- 
PakCi860A  4-/(m  si  li  ca-based  FI  PLC  column  (3.9  x  150  mm, 
Waters,  USA)  with  a  mobile  phase  of  2-propanol/water 
(19:81)  at  1  mL/min.  Subsequently,  PIPLC  was  performed 
with  a  Plypercarb  porous  graphite  column  (5/<m  x  150  mm, 
Thermohypersil,  U.K.)  with  a  mobile  phase  of  acetonitrile/ 
water  (90:10)  containingtrifluoroacetic  acid  (0.55  mL/L)  (3). 

Nitrite  analysis  was  performed  using  a  colorimetric 
method,  coupling  diazotized  sulfanilamide  with  A/-(l-naph- 
thyl)ethylenediamine  producing  an  azo  dye,  and  measured 
using  a  spectrophotometer  (Turner  SP-830;  Dubuque,  I  A)  at 
543  nm  (19).  Soil  nitrite  extraction  was  performed  with  2  M 
KCI  solution  displacing  soil-bound  N02~  into  solution  (20). 
Nitrate  analysis  was  performed  with  ion  chromatography 
(Dionex  IC20,  Sunnyvale,  CA)  (21). 


Column  Studies.  BAAP  soil  was  placed  into  custom- 
fabricated  plexiglass  columns  (10.2  cm  i.d.  x  30.5  cm)  de¬ 
signed  to  support  the  soil  above  the  column  base  to  allow 
for  sample  col  lection  and  to  provide  an  even  flow  of  air  into 
the  bottom  of  the  soil  pack.  To  support  the  soil,  wire  mesh 
cloth  (0.145cm)  wasused  and  held  in  placeabovethebottom 
ofthecolumn  (3.8cm)  byfour small  plexi glass rods(0.64cm 
diameter).  A  layer  of  gravel  (7.6  cm)  was  placed  on  the  wire 
mesh  to  prevent  soil  washout.  Soil  (2  kg)  was  placed  in  the 
columns  at  even  intervals  (5  intervals,  400  g  each)  with 
consistent  packing  to  minimize  variation  between  columns. 
A  layer  of  gravel  (7.6  cm)  was  then  placed  ontopofthepacking 
to  stabilize  the  soil.  Sampling  ports  were  fitted  with  a  0.64- 
cm  ball  valve (Swagel ok,  Niagara  Falls,  ON,  Canada)  centrally 
placed  at  the  bottom  ofthecolumn  to  drain  the  effluent.  Air 
inlets  were  placed  approximately  1.9  cm  from  the  bottom  of 
the  column  and  fitted  with  a  0.95-cm  quick-connect  valve 
(Swagelok,  Niagara  Falls,  ON,  Canada). 

Aqueous  medium  (50  mL)  was  added  daily  to  the  top  of 
the  column  and  allowed  to  infiltrate  into  the  soils.  Effluent 
was  collected  from  the  bottom  of  the  columns  as  it  eluted. 
The  nominal  hydraulic  retention  time  (based  on  the  infiltra¬ 
tion  rate  and  soil  field  capacity)  was  approximately  5  d.  All 
column  studies  were  operated  with  the  water  content  of  the 
soil  at  field  capacity  (0.15  g  of  water/g  of  soil)  and  under 
aerobic  conditions.  Flumidified  air  was  delivered  to  the 
column  base  with  a  peristaltic  pump  and  allowed  to  exit  to 
the  atmosphere  at  the  top. 

Medium  compositions  were  changed  periodically  in  the 
column  experiments  but  can  be  grouped  into  three  cate¬ 
gories.  First  was  distilled,  deionized  (Dl)  water  with  bicar¬ 
bonate  buffer.  Second  was  tap  water  with  bicarbonate  buf¬ 
fer  and  polyphosphate.  Last  was  a  mineral  medium  contain¬ 
ing  phosphate  buffer  and  in  some  cases  additional  buf¬ 
fering  capacity  as  bicarbonate.  Mineral  medium  was  pre¬ 
pared  in  Dl  water  with  the  following:  MgS04-7H20  (50 
mg/L),  FeS04-7H20  (3  mg/L),  CaCI2-7H20  (100  mg/L), 
NaCI  (500  mg/L),  H3B03  (100  mg/L),  CaS04-5H20  (50 
mg/L),  ZnS04-7H20  (50  mg/L),  Na2Mo04-2H20  (50  mg/L) 
(11),  and  variable  buffer  strength.  Table  2  lists,  in  chrono¬ 
logical  order,  the  media  composition  used  in  all  column 
experiments. 

An  initial  column  study  was  conducted  to  determine 
whether  it  was  possi  bl  eto  sti  mul  ateaerobi  c  D  NT  degradati  on 
through  the  daily  addition  of  medium  (50  mL)  and  air  (532 
mL  at  26. 6 mL/ mi n  for  20 mi n).  In  this  175-d  study,  duplicate 
columnsserved  as  the  experimental  systems  while  duplicate 
abiotic  control  columns  were  operated  with  sodium  azide 
added  to  the  medium.  Subsequent  column  tests  involved 
three  sets  of  columns,  operated  in  duplicate.  The  three  sets 
of  columns  were  employed  to  assess  different  strategies  to 
sustain  and  enhance  DNT  bioremediation  of  the  BAAP  soil. 
The  first  of  the  three  column  sets  served  as  a  baseline 
(repeating  the  operation  of  initial  experimental  systems), 
being  fed  mineral  medium  (50  mL)  and  air  (532  mL  at  26.6 
mL/min  for  20  min)  on  a  daily  basis.  The  second  set  of 
columns  (enhanced  aeration)  was  operated  similarly,  except 
that  ai  r  was  added  conti  nuously  (24  h/  d  at  27  mL/  min).  The 
third  set  of  columns  was  operated  in  a  recycle  mode.  The 
recycle  columns  were  aerated  as  carried  out  in  the  baseline 
columns  (532  mL  at  26.6  mL/min  for  20  min),  but  the 
composition  of  the  medium  added  was  primarily  that  of  the 
effluent  from  the  previous  day.  Of  the  roughly  50  mL  of 
effluent  taken  each  day,  5  mL  was  retained  for  various 
analyses;  the  rest  (~45  mL)  was  stored  at4°C  and  reused  the 
following  day  as  the  influent.  Before  the  stored  liquid  was 
added  to  the  column  influent,  the  pH  was  adjusted  to  8.3 
with  NaOH,  and  fresh  medium  was  added  (~5  mL)  to  bring 
the  final  volume  to  50  mL.  The  three-column  system  was 
operated  continuously  for  90  d. 
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TABLE  2.  Soil  Column  Studies:  Influent  Composition  Time  Line 


TABLE  3.  Respirometer  Studies:  Design  Matrix 


J  ulian 

column3  days 


medium  composition 


A,  B1  0-45 

46-56 

57-69 

70-85 

86-138 

139-171 

B2,  O,  R  0-4 

5-61 

61-94 


Dl  water 

10  mM  buffer  (NaHCCH) 
pH  7.5 
tap  water 

20  mM  buffer  ([\la5P3O10  and 
NaHC03:  1:1) 
pH  7.5 
tap  water 

15  mM  buffer  ([\la5P3O10  and 
NaHC03,  2:1) 
pH  7.5 

mineral  medium 
10  mM  buffer  (K2HPO4  and 
KH2PO4,  1:1) 
pH  8.3 

mineral  medium 
20  mM  buffer  (K2HPO4  and 
KH2PO4,  1:1) 
pH  8.3 

mineral  medium 
40  mM  buffer  (K2HP04,  KH2P04, 
and  NaHC03,  1:1:2) 
pH  8.3 

mineral  medium 
10  mM  buffer  (K2HPO4  and 
KH2PO4,  1:1) 
pH  8.3 

mineral  medium 
20  mM  buffer  (K2HPO4  and 
KH2P04,  1:1) 
pH  8.3 

mineral  medium 
40  mM  buffer  (K2HP04,  KH2P04, 
and  NaHC03  1:1:2) 
pH  8.3 


3 Column  id:  A,  abiotic  control;  Bl,  baseline  1;  B2,  baseline  2;  O, 
enhanced  aeration;  R,  recycle. 


Biodegradation  in  the  columns  was  evaluated  by  theuse 
of  several  indicators.  First  was  thedepletion  of  effluent  DNT 
concentrations  in  comparison  to  abiotic  controls.  Second, 
nitrite  production  was  quantified.  Last,  shake  flask  studies 


parameter 


range  tested 


baseline 

carbon, 

nitrogen 

source 

medium 

buffer 

PH 

bacteria 


PH 


media 

nitrite 


buffer  strength 


phosphorus 


10  mM  2,4-DNT  as  TOC 


mineral  medium  (100  mL  per  flask) 

20  mM  (10  mM  K2HP04,  10  mM 
KH2PO4) 

8.0,  maintained  with  addition  of  dilute 
NaOH 

2,4-DNT  degrading  culture,  enriched 
from  column  effluent  (approximately 
80  mg  of  washed  biomass 
added  in  1  mL  of  medium) 
baseline  conditions  with  initial  pH 
ranging  from  5.5  to  9.0  at  an 
increment  of  0.5;  pH  was  not 
maintained  over  the  course 
of  the  study 

baseline  conditions  with  medium 
strength  at  lx,  2  x,  and  4x 
baseline  conditions  with  initial  nitrite 
concentrations  of  0,  10,  15,  20, 
and  40  mM 

baseline  conditions  (20  mM  phosphate 
buffer)  with  additional  buffer 
strength  of  0,  20,  40,  60,  and  80  mM 
NaHC03;  pH  was  not  maintained  over 
the  course  of  the  study 
baseline  conditions  with  phosphate  (1:1 
K2HP04and  KH2PO4) 
concentrations  varied  at  0,  0.4,  0.8, 
1.6,  and  8.0  mM ;  initial  concentration 
of  2,4-DNT  was  5  mM 


were  established  with  column  effluent  and  monitored  daily 
for  DNT  disappearance  and  nitrite  production.  Shake  flask 
studies  were  conducted  usingonlycolumn  effluent  (~40mL) 
directly  transferred  to  serum  vials  (120  mL),  stirred  continu¬ 
ously,  fitted  with  foam  stoppers  to  prevent  evaporation,  and 
analyzed  for  DNT  and  corresponding  end  products  for  a 
period  of  9-10  d.  The  pH  was  adjusted  to  8.0  with  NaOH  as 
needed. 
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FIGURE  1.  Initial  soil  column  studies.  Average  effluent  nitrite  concentrations:  baseline  1  (O)  and  abiotic  control  (•). 


3384  ■  ENVIRONMENTAL  SCIENCE  Si  TECHNOLOGY  /  VOL.  37,  NO.  15,  2003 


2000 


Days 

FIGURE  2.  Column  effluent  shake  flask  studies.  (A)  Results  (averaged)  from  abiotic  control  effluent.  (B)  Results  (averaged)  from  biologically 
active  column  (baseline  1)  effluent.  For  both  studies,  (•)  2,4-DNT  concentration,  (O)  2,6-DNT  concentration,  and  (▲)  as  change  in  nitrite 
concentration. 


To  ensure  accurate  quantification  of  nitrite,  shake  flask 
studies wereconducted  to determineif  biological  nitrification, 
oxidizing  nitrite  to  nitrate,  would  occur  with  the  nitrite 
evolved  from  DNT  biodegradation  as  shown  in  previous 
studies  (5).  The  procedure  was  identical  to  that  described 
above.  Nitrite  and  nitrate  analyses  were  performed  over  the 
course  of  10  d. 

With  the  exception  of  abiotic  controls,  after  all  columns 
had  exhibited  approximately  90  d  of  active  2,4-DNT  degra¬ 
dation ,  al  I  system  sweredestructivelysampledbycontinuous 
coring  through  the  soil.  A  zero  contamination  soil  sampler 
(2.06  cm  diameter;  Cole-Palmer  P-99025-40)  was  manually 
driven  through  the  soil,  and  the  resulting  soil  cores  were 
extruded  i  nto  plasti  c  sleeves.  The  cores  were  then  frozen  ( -4 
°C)  and  cut  into  quarters  after  any  gravel  from  column  packing 
was  discarded.  These  subsamples  were  analyzed  for  pore 
water  nitrite  levels. 

DNT  Enrichment  Culture.  A  D  NT-degrading  mixed  cul¬ 
ture  was  developed  from  theoriginal  biotic  column  effluent. 
Asinoculum,approxim  atel  y  50  m  L  of  eff  I  u  en  t  was  tran  sf erred 
into  a  flask  (2  L)  containing  mineral  medium  (900  mL)  with 


20  mM  phosphate  buffer  and  DNT  as  the  only  carbon  and 
nitrogen  source  at  concentrations  roughly  equal  to  those  in 
column  effluents  (1000 /<M  2,4-DNT  and  400 /<M  2,6-DNT). 
The  culture  was  stirred  continuously  at  room  temperature, 
and  nitrite  and  pH  were  measured  daily.  ThepH  wasadjusted 
each  day  to  7.5-8.0.  When  the  release  of  nitrite  from  the 
biodegradation  of  DNT  neared  70-80%  of  theoretical,  10% 
of  the  suspension  was  transferred  to  fresh  medium. 

Respirometer  Studies.  2,4-DNT  biodegradation  experi¬ 
ments  were  conducted  with  theDNT-enrichmentculturein 
a  10-chamber  O2/CO2  Micro-Oxymax  respirometer  (Colum¬ 
bus  I  nstrumentsCorp.,  Columbus,  OH )  at  room  temperature. 
As  previously  described,  both  oxygen  uptake  (5, 10-12)  and 
ca  rbo  n  d  i  oxi  d  e  p  rod  u  cti  o  n  (3, 22)  were  u  sed  to  m  easu  re  D  N  T 
biodegradation  rates.  Aconfoundingfactor  in  some  instances 
where  rapid  DNT  biodegradation  took  place  was  the  upper 
quantification  limit  for  C02  evolution  by  the  detector  (i.e., 
C02  levels  exceeded  thedynamic  range)  and  C02  production 
rates  were  underestimated  in  those  instances.  No  such 
difficulty  was  encountered  during  02  uptake  measurements. 

I  n  all  respirometer  experiments,  2,4-DNT  comprised  theonly 
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organic  carbon  and  nitrogen  source.  For  each  experiment, 
inoculum  was  taken  from  the  enrichment  culture  described 
above.  Preparation  oftheinoculum  involved  aliquots  of  the 
enrichment  culture  centrifuged  (4  °C,  lOOOOgfor  10  min) 
with  the  supernatant  bei  ng  carefully  poured  off  leaving  only 
thebacterial  pellet.Thepelletwasthen  resuspended  (through 
vigorous  shaking)  in  DNT-free  mineral  medium  and  cen¬ 
trifuged  again.  This  process  was  repeated  for  a  total  of  three 
washes  with  DNT-free  media.  In  addition,  a  minimal  volume 
(lmL)  of  suspended  inoculum  was  used  for  each  respirometer 
flask  containing  100  mL  of  mineral  medium.  Respirometer 
experiments  evaluated  the  effects  of  pH,  medium  concen¬ 
trations,  initial  nitrite  concentration,  phosphorus  concentra¬ 
tion,  and  buffer  strength  on  the  rate  and  extent  of  2,4-DNT 
degradation.  No  carbon  dioxide  production  or  oxygen 
consumption  was  seen  in  a  respirometer  control  containing 
mineral  media,  2,4-DNT,  but  no  bacterial  inoculum.  Table 
3describestheexperi  mental  protocolsanddetailsthematrix 
design  of  varied  parameters. 

Results  and  Discussion 

Col  umn  Studi  es.  P  rel  i  m  i  n  ary  col  u  m  n  stu  d  i  es  were  con  d  u  cted 
to  evaluate  the  stimulation  of  DNT  biodegradation  by 
medium  addition  and  aeration.  Nitrite  production  wasused 
as  an  indicator  of  DNT  biodegradation  (3, 5, 10, 11, 23)  (Figure 
1).  The  i  niti  al  medi  um  was  bicarbonate  buffer.  Over  the  fi  rst 
10  d  of  operation,  there  was  an  elevated  but  decreasing  level 
of  n  i  tri  te  i  n  the  effl  uent  from  experi  mental  systems.  After  20 
d  of  operation,  however,  nitrite  levels  in  the  biotic  columns 
were  similar  to  those  in  the  control  columns.  On  the  basis 
of  phosphate  limitations  cited  in  previous  studies  (15, 16, 
18),  the  feed  medium  was  changed  on  day  45  substituting 
phosphate  for  carbonate  as  a  buffer  and  also  as  a  nutrient. 
There  was  no  significant  increase  in  nitrite  production. 

On  day  70,  theinfluent  was  changed  to  a  complete  mineral 
medium,  which  resulted  in  theimmediateelevation  of  nitrite 
levels  in  the  column  effluents.  After  stabilizing,  nitrite 
concentrationsaveraged  8500//M  (±  1460)  for  the  remainder 
of  the  study.  Commensurate  with  the  onset  of  nitrite 


production,  the  pH  of  effluent  began  to  decrease.  After  nitrite 
levels  had  stabilized,  the  pH  of  effl  uent  medium  wastypically 
6.75-7.25.  Appreciable  nitrate  production  was  not  observed 
during  the  study. 

As  nitrite  concentrations  stabilized,  it  was  necessary  to 
confirm  that  nitrite  production  was  an  accurate  indicator  of 
the  DNT  degradation  activity  in  the  column  systems. 
Therefore,  shake  flask  studies  using  only  column  effluent 
were  initiated  as  described  above.  Results  of  these  studies 
(Figure  2)  show  that  2,4-DNT  was  immediately  depleted 
within  24  h  to  levels  below  the  detection  limit  with  a 
corresponding  release  of  nitrite  (approximately  1.7  mol  of 
nitrite  released/ mol  of  DNT).  Under  no  circumstances  was 
2,6-DNT  depleted.  Identical  shake  flask  studies  were  con¬ 
ducted  periodically  asdescri  bed  throughout  the  remainder 
of  the  experimental  period  with  similar  results  (data  not 
shown).  Also,  no  nitrification  (conversion  of  nitrite  to  nitrate) 
was  ever  observed  in  these  studies. 

The  effl  uent  2,4-  DNT  concentrati  ons  i  n  experi  mental  and 
control  systems  were  similar  before  the  addition  of  the 
mi  n  eral  medi  u  m  ( F  i  gu  re  3) .  As  con  centrati  on  s  of  n  i  tri  te  began 
to  increase  in  the  active  systems,  effluent  2,4-DNT  levels 
dropped.  No  such  drop  occurred  in  the  controls.  Effluent 
2,6-DNT  concentrations  also  dropped  after  approximately 
60  d  of  operation,  but  the  decrease  in  concentration  could 
not  be  due  to  biological  activity  because  similar  decreases 
were  observed  in  both  active  and  control  systems.  In 
accordance,  periodic  effluentshake  flask  studies  showed  no 
loss  of  2,6-DNT. 

Subsequent  column  studies  were  conducted  to  test 
whether  high  levels  of  2,4-DNT  biodegradation  could  be 
induced  and  sustained  by  the  use  of  a  mineral  medium 
throughout  the  experimental  period.  We  also  sought  to 
evaluate  how  changes  in  column  operation  might  influence 
the  extent  of  degradation  achieved.  2,4-DNT  degradation 
began  immediately  in  all  systems  (Figure  4).  Nitrite  con¬ 
centrations  increased  steadily  for  approximately  the  first  20 
d  and  then  stabilized.  Nitrite  concentrations  were  slightly 
hi  gher  i  n  col  umnsthat  were  conti  nuousl  y  aerated  or  operated 
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in  recycle.  Interestingly,  the  lack  of  continued  nitrite  ac¬ 
cumulation  in  the  recycle  columns  indicates  a  loss  of  rapid 
DNT  biodegradation  after  an  initial  period  of  biological 
activity.  Shake  flask  studies  conducted,  as  described  previ¬ 
ously,  confirmed  2,4-DNT  biodegradation  with  no  2,6-DNT 
biodegradation  observed. 

The  pH  in  all  active  columns  dropped  from  8.3  in  the 
influent  to  approximately  6.75-7.25  in  the  effluent  due  to 
nitrite  production.  After  bicarbonate  buffer  was  added  to 
the  medium  (day  61),  the  average  nitrite  concentration 
increased  slightly  in  the  baseline  columns.  In  the  recycle 
columns  a  brief  period  of  increased  nitrite  production  was 
followed  by  a  decline  to  a  low  level. 

At  the  completion  of  the  column  studies,  soil  cores  were 
analyzed  for  pore  water  nitrite  concentrations  to  better 
understand  how  2,4-DNT  degradation  activity  wasdistributed 
throughout  the  length  of  columns.  In  columns  where  active 
2,4-DNT  degradation  was  occurring,  nitrite  concentrations 
increased  with  the  increase  in  column  depth.  These  results 
i  ndi  cate  that  there  was  activity  throughout  the  length  of  the 
column  and  suggest  that  if  columns  had  a  longer  residence 
time,  additional  activity  could  be  expected.  Conversely,  in 
abiotic  controls  and  recycle  systems,  nitrite  concentrations 
remained  nearly  constant  throughout  the  length  of  the 
columns  (Table  4).  It  is  important  to  note  that  high 
concentration  of  nitrite  in  the  recycle  columns  (Table4)  does 
not  imply  continued  activity  of  DNT  biodegradation.  The 
pore  water  nitrite  concentration  in  the  recycle  columns 
approached  the  sum  of  the  total  nitrite  production  through¬ 
out  the  duration  of  study.  As  indicated  earlier  in  thispaper, 
90%  ofthecolumneffluentintherecyclemodewasretained 
and  reused  in  the  following  day  as  the  influent  diluted  only 
by  the  10%  addition  (vol/vol)  of  fresh  mineral  medium. 

Estimates  of  DNT  massremoval  fromthecolumn  systems 
wereconductedasdescribed  by  Ortega-Calvoetal.  (23)  using 
effluentDNT  concentration  sand  nitriteanalysis.  To  estimate 
the  washout  of  both  2,4-DNT  and  2,6-DNT,  effluent  con¬ 
centrations  were  summed  over  the  experimental  period  to 
provide  the  cumulative  mass  of  washout  that  took  place 
(when  a  sample  was  not  taken  on  a  given  day,  the  concen¬ 
tration  was  extrapolated  usingacentral  differencing  method). 
Similarly,  nitrite  concentrations  were  used  to  calculate  the 


TABLE  4.  Terminal  Soil  Column  Dissections:  Pore  Water 
Nitrite  Concentrations3 


nitrite  (pore 

column  section  water)  (//M) 

abiotic  control4’  1  0.27 

2  0.34 

3  0.34 

4  0.6 

baseline  lb  1  179 

2  763 

3  819 

4  2  440 

baseline  2C  1  320 

2  1 760 

3  4  260 

4  8  250 

enhanced  aerationc  1  530 

2  1630 

3  3  340 

4  5  600 

recycle4  1  39  900 

2  40  800 

3  36  300 

4  34  900 


a  Sections  taken  in  3.8-cm  increments.  Spatial  distribution  is  shown 
as  sections  1-4,  with  section  1  representing  the  top  of  the  column. 
b  Co  res  taken  after  175  d  of  operation  with  the  last  90  d  being  fed  mineral 
media.  c  Cores  taken  after  90  d  of  operation,  being  fed  mineral  media 
for  the  duration  of  the  study. 


2,4-DNT  mass  that  had  been  degraded  based  on  the 
stoichiometry  presented  above  where  the  degradation  of  1 
mol  of  DNT  yields  1.63  mol  of  nitrite.  As  can  be  seen  from 
Table  5,  the  measured  2,6-DNT  washout  was  high  for  all 
columns  other  than  those  operated  in  recycle,  as  90%  2,6- 
DNT  in  the  effluent  from  those  columns  was  reintroduced 
as  influent.  The  percentage  of  2,4-DNT  that  washed  out  was 
much  less  than  that  of  2,6-DNT  due  to  the  higher  initial 
concentrations  of  2,4-DNT.  Biodegradation  (22-  30%)  of 
initial  2,4-DNT mass(Table5)  indicatesthatthebiologically 
active  systems  have  thepotential  to  rapidly  reduce  the  mass 
of  2,4-DNT  presentin  avadosezonebioremediation  system. 
In  the  columns  fed  mineral  medium  without  recycle,  2,4- 
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TABLE  5.  Average  Column  DNT  Mass  Loss  as  a  Percentage  of  Initial  Concentration3 


%  washout  %  biodegradation  total  (%  washout  +  %  biodegradation) 


column 

2,4-DNT 

2,6-DNT 

2,4-DNT 

2,6-DNT6 

2,4-DNT 

2,6-DNT 

abiotic  control 

5.7 

81 

0.11 

5.8 

81 

baseline  1 

3.4 

82 

19 

22 

82 

baseline  2 

1.8 

91 

25 

27 

91 

enhanced  aeration 

1.9 

85 

28 

30 

85 

recycle 

0.21 

13 

5.1 

5.3 

13 

3  Numbers  are  the  average  of  the  duplicate  columns.  £>2,6-DNT  was  not  found  to  degrade  under  any  circumstances,  thus  the  only  mass  was 
from  washout. 


DNT  depletion  from  biodegradation  was  approximately  10 
times  that  of  dissolution  and  washout. 

Several  common  conclusions  can  be  drawn  from  the 
comparison  of  the  two  sets  of  column  studies.  First,  thesoils 
were  quickly  depleted  of  a  required  nutrient(s)  because 
phosphate  addition  alone  was  not  sufficient  to  support 
activity.  In  previous  studies  investigating  rapid  DNT  bio¬ 
degradation,  2,4-DNT  biodegradation  rates  were  clearly 
subject  to  phosphate  limitations  (16, 18).  Similar  depletion 
of  phosphateorothernutrientmayhave occurred  in  columns 
after  acti  vi  ty  was  estab  I  ished,butitwasnotthebasisoflimited 
activity  prior  to  the  addition  of  the  mineral  medium.  High 
rates  of  2,4-  D  NT  bi  odegradati  on  were  i  n  i  ti  ated  by  provi  di  ng 
moisture  and  mineral  nutrients.  After  the  onset  of  activity, 
the  intermittent  addition  of  mineral  medium  then  became 
critical  to  sustain  activity  in  the  columns  as  nutrient  con¬ 
centrations  were  maintained  and  nitrite  was  flushed  from 
interstitial  pore  water. 

A  second  conclusion  from  these  studies  was  that  2,6- 
DNT  was  not  readily  biodegraded.  Whereas  concentrations 
of  both  isomers  decreased  in  the  effluents  of  columns,  the 
decrease  of  2,4-DNT  in  the  column  effluent  was  likely  the 
result  of  both  the  depletion  of  2,4-DNT  in  the  soil  and  the 
continued  degradation  in  the  column  drainage  system  (i.e., 
gravel  an  d  samp  I  e  reservoi  r) .  Sh  ake  fl  ask  stud  i  es  wi  th  effl  uent 
samplesrevealedacontinued  rapid  degradation  of  2,4-DNT, 
which  is  consistent  with  the  above  hypothesis.  Decreases  in 
2,6-DNT  effluent  concentrations  could  not  be  explained 
similarly.  The  fact  that  effluent  shake  flask  studies  did  not 
demonstrate  2,6-DNT  degradation  activity  suggests  that  the 


only  loss  of  2,6-DNT  was  through  dissolution  and  washout. 
In  the  recycle  columns,  2,6-DNT  concentrations  remained 
high  because  the  removal  of  effluent  was  only  10%  of  that 
in  other  systems.  Similar  observations  regardingtheinability 
to  actively  stimulate  2,6-DNT  degradingactivity  in  BAAPsoil 
has  been  reported  by  Nishino  and  Spain  (18). 

A  third  conclusion  from  these  studies  (enhanced  aeration, 
Table5)  isthat  oxygen  availabilitydid  not  strongly  affect  the 
level  of  biodegradation  achieved  with  the  water  content  at 
field  capacity  and  with  periodic  aeration.  High  levels  of  nitrite 
production  were  observed  in  all  systems,  and  thecontinuous 
aeration  of  columns  led  to  only  small  increases  in  activity. 

It  could  not  be  established  from  the  studies  what  factor- 
(s)  control  2,4-  D  NT  bi  odegradati  on  after  the  onset  of  acti  vi  ty. 
In  systems  notoperated  in  recycle,  a  longer  residence  time 
should  result  in  additional  production  of  nitrite  that  may 
result  in  either  direct  inhibition  or  cause  a  pH  drop,  which 
can  also  become  inhibitory.  If  not  inhibited  by  nitrite 
accumulation,  thedevelopment  of  nutrient  I  imitations  would 
be  expected  to  develop  as  has  been  observed  in  ex-situ 
systems(15).  In  recyclecolumns,  with  longeffectivecontact 
times,  either  the  slow  replenishment  of  medium,  the  high 
nitrite  concentrations,  or  both  appear  to  have  caused  the 
inabilityto sustain  degradation  activity.  Becauseofthelimited 
sizeofthecolumn  systems,  such  effects  could  not  beassessed 
directly,  thus  a  series  of  batch  assays  were  conducted  to 
evaluate  how  these  various  factors  would  eventually  affect 
the  extent  of  degradation  with  longer  contact  times. 

Batch  Respirometer  Studies.  The  first  set  of  batch 
respirometer  studies  investigated  the  direct  effect  of  nitrite 
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FIGURE  7.  Effect  of  buffering  strength  on  2,4-DNT  mineralization  as  measured  by  oxygen  consumption  (5.6  mol  of  02  consumed  during 
the  mineralization  of  1  mol  of  2,4-DNT  (16)). 


accumulation  due  to  2,4-DNT  biodegradation  and  the 
indirect  effect  of  pH  drop  from  nitrite  release.  The  impact 
of  nitrite  accumulation  was  measured  usingoxygen  uptake 
and  production  of  carbon  dioxide  from  the  aerobic  biodeg¬ 
radation  of  2,4-DNT  at  various  initial  nitrite  levels  but  with 
theinitial  pH  of 8.5.  Increasingnitriteconcentrationsclearly 
exert  a  negative  effect  on  biodegradation  rate  and  extent, 
with  a  severe  inhibition  observed  at  40  mM  (Figure  5). 

A  secondary  effect  of  nitrite  production  is  the  reduction 
of  pH  in  the  medium.  To  investigate  the  impact  of  pH, 
respirometerstudieswereconductedatarangeofinitialpH 
values  with  no  nitrite  added  to  the  medium.  The  results 
(Figure  6)  indicate  that  pH  values  of  6.0  and  below  severely 


limit  the  biodegradation  of  2,4-DNT.  Media  with  initial  pH 
values  of  6.0  and  6.5supported  immediate  rapid  initial  rates 
of  biodegradation  that  decreased  sharply  as  the  pH  fell  to 
inhibitory  levels.  When  the  initial  pH  was  7.5  and  above, 
DNT  biodegradation  was  rapid  and  sustained.  Similar 
observations  made  by  Nishino  and  Spain  strongly  support 
theapparent  effect  of  pH  on  DNT  biodegradation  rates  (18). 
Based  on  the  nitrite  production  and  pH  drop  in  column 
studies,  it  appears  that  conditions  in  the  lower  portions  of 
the  columns  were  approaching  those  where  reduced  rates 
of  2,4-DNT  degradation  would  be  expected.  In  the  case  of 
columns  operated  in  recycle,  the  accumulation  of  nitrite 
probably  caused  cessation  of  activity.  In  columns  operated 
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without  recycle,  charge  balance  calculations  indicate  that 
accumulation  of  15  mM  nitrite  would  have  caused  the  pH 
drop  to  the  range  of  6.0-6.5  assuming  20  mM  phosphate 
buffer  and  an  initial  pH  of  8.5.  At  that  pH  and  nitrite 
concentration,  both  variables  would  be  expected  to  reduce 
rates  of  biodegradation  with  pH  effects  beingthemost  acute. 
It  is  of  note  that  the  biological  oxidation  of  nitrite  to  nitrate 
through  nitrification  did  not  occur  in  columns  or  effluent 
shakeflaskstudies.Thus,  main  taininghigh  rates  ofbiodeg- 
radation  will,  in  part,  be  controlled  by  the  ability  to  dilute 
n  i  tri  te  con  centrati  on  s  at  fi  el  d  capaci  ty  ( i  .e. ,  fl  u  sh  i  n  g  evo  I  ved 
nitrite  from  pore  water). 

A  further  study  investigated  the  role  of  the  buffering 
capacity  of  the  medium  in  maintaining  pH  and  minimizing 
inhibitory  effects.  The  mineral  medium  used  in  column 
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studiescontained20mM  phosphate  buffer.  Additional  buffer 
was  added  in  the  form  of  sodium  bicarbonate  (NaHC03)  at 
concentrations  of  20, 40,60,  and  80  mM.  The  initial  pH  was 
8.5  with  no  further  adjustment.  At  all  buffer  concentrations, 
2,4-DNT  was  degraded  immediately  (Figure  7).  Respiration 
rates  were  sustained  in  accordance  with  buffer  concentration. 
These  results  indicate  that  by  increasing  buffer  capacity  of 
the  medium  and  maintaining  a  favorable  pH  range,  it  is 
possible  to  sustain  rapid  rates  of  biodegradation  for  longer 
periods  of  time. 

In  column  studies  it  becameapparentthat  nutrient  avail¬ 
ability  was  also  an  important  controlling  factor  in  2,4-DNT 
biodegradation  activity.  Previous  studies  revealed  phospho¬ 
rus  as  a  limiting  nutrient  in  the  biodegradation  of  DNT  in 
so i I  si u r ri es (4, 16). To f u rth er  i n vesti gatethelimiting effects 


of  phosphorus,  respirometer  experiments  were  conducted 
using  mineral  medium  with  various  initial  phosphorus 
concentrations.  It  is  clear  that  a  phosphorus- free  medium 
cannot  support  the  biodegradation  process,  whereas  all 
phosphorus-amended  media  supported  rapid  biodegrada¬ 
tion  (Figure  8).  Media  with  phosphorus  concentrations  of 
0.4and0.8mM  displayed  slower  biodegradation  ratesrelative 
to  media  amended  with  1.6  and  8.0  mM  phosphorus.  Since 
the  phosphate  added  is  also  a  pH  buffer,  it  is  difficult  to 
distinguish  between  the  dual  roles  of  phosphate  in  these 
experiments,  but  it  is  clear  that  phosphorus  is  required  at 
minimal  levels  as  a  nutrient  to  support  biodegradation. 

On  the  basis  of  the  results  of  column  studies,  nutrient 
additions  are  essential  to  initiate  the  biodegradation  of 
2,4-DNT  in  BAAP  soils,  and  phosphate  alone  was  not  suf¬ 
ficient  to  induce  activity.  In  respirometer  experiments,  it 
became  apparent  that  phosphate  is  critical  as  a  nutrient 
to  induce  and  sustain  degradation.  The  potential  for  phos¬ 
phorus  to  become  a  limiting  nutrient  would  be  most  likely 
to  occur  in  the  recycle  mode  of  operation  where  the  reten¬ 
tion  time  is  considerably  longer.  Interestingly,  the  analysis 
of  effluent  samples  taken  from  the  recycle  column  showed 
very  low  effluent  phosphate  levels  (data  not  shown)  as 
compared  to  other  columns.  This  suggests  that  nutrient 
avai  I abi  I  i ty  may  have  contri  buted  to  the  cessati on  of  acti  vi  ty 
in  the  recycle  column  along  with  nitrite  accumulation  and 
decreasing  buffering  capacity  resulting  from  phosphate 
consumption. 

A  final  respirometer  study  was  conducted  to  investigate 
the  potential  to  increase  biodegradation  rates  as  a  function 
of  mineral  medium  strength  (i.e.,  the  concentration  of  salts 
in  the  preparation  of  the  medium).  The  results  (Figure  9) 
indicated  that  it  was  necessary  to  have  the  medium  con¬ 
centration  (with  20  mM  phosphate  buffer),  which  was  the 
concentration  used  in  all  previous  experiments,  to  support 
biodegradation.  However,  higher  concentrations  (2x,  4x 
media  concentration,  buffer  held  constant  at  20  mM  phos¬ 
phate)  did  not  increase  rates  of  biodegradation. 

The  results  presented  in  this  study  suggest  that  the 
recalcitrant  nature  of  2,4-DNT  and2,6-DNT  are  the  result  of 
different  factors.  Nutrient  availability  controlled  biodegrada¬ 
tion  processes  for  2,4-DNT  when  pH  and  nitrite  levels  were 
appropriate.  The  addition  of  nutrients  did  not,  however, 
sti  mulate  2, 6- DNT  biodegradation.  This  inability  to  stimulate 
thesimultaneousdegradation  of  both  isomers  when  present 
at  h  i  gh  con  cen  trati  onsisconsi  stent  wi  th  p  revi  ou  s  reports  (5, 
10,  15,  17)  and  represents  a  challenge  for  the  design  of 
remediation  systems.  Without  intervention  (i.e.,  nutrient 
addition),  the  dominant  process  leading  to  the  loss  of  DNT 
from  soils  will  be  the  dissolution  into  waters  percolating 
through  the  vadose  zone  into  groundwater  systems. 
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